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Abstract
Biomanufactured parts, for implant or generally in-vivo use, have high requirements for surface properties. Depending on their field of 
application, not only smooth, but also well-defined surfaces, i.e. roughness parameters, must be set to allow for the respective functionalities 
such as optimal cell growth or minimal friction and wear. While for many parts mechanical polishing procedures are state-of-the-art, which are 
time-consuming and limited in their flexibility, established electrolytic polishing processes often incorporate aggressive media such as acids. 
Plasma electrolytic Polishing (PeP), a high-voltage process combining anode dissolution and plasma-chemical processes, can be considered a 
suitable alternative. The paper focusses on current investigations of PeP and shows application scenarios, also pointing out necessary 
development directions to introduce PeP to industrial biomanufacturing process chains.
© 2015 The Authors. Published by Elsevier B.V.
Peer-review under responsibility of the scientific committee of The Second CIRP Conference on Biomanufacturing. 
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1. Introduction
Biomanufactured parts, for implant or generally LQYLYR
use, have high requirements to surface properties. Depending
on their field of application not only smooth, but also well-
defined surfaces, i.e. roughness parameters must be set to 
allow for the respective functionalities [1, 2]. While for many 
parts mechanical polishing procedures are state-of-the-art, 
which are time-consuming and limited in their flexibility, 
established electrolytic polishing processes often incorporate 
aggressive media such as acids. Plasma electrolytic Polishing 
(PeP), a high-voltage process combining anode dissolution 
and plasma-chemical processes, can be considered a suitable 
alternative. 
 6XUIDFHUHTXLUHPHQWVIRUPHGLFDOSDUWV
Surfaces of biomanufactured medical parts define their 
interaction with the environment and thus need to be adapted 
for each use case [3]. Typical scenarios are encouragement of 
cell growth to enable good implant integration in the fixation 
area [4]; minimization of friction and wear for sliding surfaces 
of e.g. hip joint or knee implants or the support of ease of 
sterilization for surgical instruments. Despite the variety of 
demands, today many metallic medical parts aim for a low 
surface roughness, polished surface with a glossy appearance. 
 /LPLWVRIFXUUHQWO\DSSOLHGSROLVKLQJSURFHVVHV
To a large extent vibratory grinding and electropolishing 
can be considered state-of-the-art processes in the addressed 
part range and for titanium and steel materials.
In vibratory grinding, where the parts are tumbled with 
ceramic or polymer stones of increasing grit and vibrated for 
periods of up to several hours, burrs and rough surfaces are 
removed mechanically [5]. Consequently, this process is 
applied to sturdy parts such as hip joints. 
In electropolishing a low voltage is applied to the anodic 
workpiece, which is immersed in an electrolyte bath, and the 
surface peaks are chemically smoothened [6]. Typical 
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applications are filigree parts such as stents due to the force-
free nature of the process.  
While in vibratory grinding the long processing duration 
and laborious cleaning operations are limiting efficiency, the 
aggressive electrolytes in electropolishing, comprising of 
highly concentrated acidic solutions, are limiting its ease of 
application in factory process chains. 
With the numbers of produced parts and the quality 
requirements steadily increasing, there is a demand for 
processes which are flexible in terms of part dimensions, fast 
and precise to set surface finish values and of minimum 
ecological harmfulness. Plasma electrolytic Polishing is a 
potential candidate to fill this gap.
2. Plasma electrolytic Polishing
In addition to the conventional electrochemical surface 
treatment processes an innovative process for polishing, 
deburring and cleaning is being developed at the Beckmann-
Institut für Technologieentwicklung (BTE): the Plasma 
electrolytic Polishing (PeP) [7].  
 3URFHVVSULQFLSOH
PeP is an ablating process based on combination of 
current-induced chemical and physical removal. Its setup is an 
electrolytic cell where the part is immersed in an electrolyte 
and contacted as anode. The used aqueous electrolyte is low 
concentrated and material-specific, with typical conductivity 
values of ıP6FP.
The substantial phenomenon of this plasma 
electrochemical process is the induced formation of a plasma 
skin around the anodically contacted part in the liquid 
electrolyte. The plasma skin is formed under atmospheric 
pressure and at a high applied DC voltage of 9
X3H39.
The characteristics of the PeP process are a comparatively 
low current density of -3H3§$FPð and a calm process. 
Although there is a high temperature plasma skin encasing the 
workpiece, temperatures on the workpiece surface are limited 
by the boiling point of the electrolyte and therefore do not 
exceed ׇHO&.
Within the process, electrochemical reactions such as 
(anodic) metal dissolution, (anodic) oxide formation,
hydrogen formation and alkalization, plasma reactions such as 
an ionization of the steam hull and hydrothermal reactions 
such as metal dissolution by metal-water reaction can take 
place [8]. The development of the vapor skin which is coating 
the part and results in a plasma zone and the connection with 
electrochemical processes are the background for the surface 
effects that are responsible for the exceptional surface quality.
 3URSHUWLHVRI3H3HGSDUWVXUIDFHV
The achievable roughness values in PeP depend on the 
original surface roughness. In general, a smallest roughness of 
5D P is possible. Glossy surfaces can be created. A
material removal achieving glossy surfaces is possible for 
material removal rates up to 055PPLQ. The removal 
rate can be increased up to ten times by adapting the voltage, 
but with the loss of the gloss effect. 
There is low or no necessity for pre-treatment, and due to 
the process principle and the environmentally harmless 
electrolytes of low concentration, no adsorbates can be found 
in the processed surface layer. In previous studies, a 
temporary corrosion protection and passivation effect could 
be shown. Furthermore, cytotoxicity analysis of PePed 
stainless steel surfaces showed no negative effects. 
 /LPLWDWLRQVRI3H3
Due to the process principle, PeP is only applicable to 
electrically conductive materials. 
While it is suitable for finish polishing and burr removal, it 
is unsuitable for one-step polishing of very rough surfaces and 
heavy burrs, since the current-density based removal will lead 
to edge rounding and a loss of accuracy over long processing 
periods. 
Furthermore, the maximum part size is limited by the 
available process energy source and due to the necessary 
generation of the plasma vapor skin, small inner cavities 
cannot easily be treated.
3. Applications of PeP for biomanufactured parts
 6XUJLFDOLQVWUXPHQWV
Surgical instruments and parts made from stainless steels 
can reproducibly be polished using PeP. The instruments 
benefit from an evenly distributed surface roughness of down 
to 5D P and high gloss surface finish. Burrs from 
previous manufacturing steps are reliably removed. 
Passivation and temporary corrosion protection effects have 
been exemplarily shown but need further investigation to 
secure statistic evidence.
 ,PSODQWVPDGHIURPFREDOWFKURPHPDWHULDOV
Cobalt chrome alloys are commonly used for implants such 
as joints for hip or knee surgery. PeP can achieve surfaces in 
these alloys that are defect-free and smooth within minutes. 
Figure 2 shows a CoCr knee implant part with a polished 
(right) and an unpolished (left) surface area. 
Figure 1 - Plasma electrolytic Polishing of stainless steel parts [BTE]
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 7LWDQLXPSDUWV
Titanium parts cover a wide range of applications not only, 
but particularly in biomanufacturing, both due to their 
excellent biocompatibility and the high strength-to-weight 
ratio. Many titanium parts are cast or, more recently, 
additively manufactured by Selective Laser Melting or 
Electron Beam Melting. The achievable surface roughness of 
these technologies is not sufficient and therefore a polishing 
process is required. 
With an adapted electrolyte, PeP of common titanium 
material and alloys such as Ti6Al4V is possible. The 
achievable surface parameters in terms of gloss are 
significantly better than using electropolishing of investment 
cast parts. Figure 3 shows parts of a bone clamp after 
investment casting and blasting, electropolishing and PeP, 
respectively.
Due to its principle, PeP does not require a shaped tool 
electrode. It is therefore especially suitable for freeform 
surfaces or geometrically complex parts such as in dental 
applications. Tests confirm a significant polishing effect, as 
figure 4 shows. 
 7LWDQLXPPLFURSDUWV
Medical technology is an increasing field of activity for 
miniaturized and micro-structured components. The 
development of production technologies for tympanic 
implants to recover the functionality of the ossicular chain is 
presented as an example [9].
Micro-milling was applied to the titanium implant 
prototypes with dimensions of some 100 micrometers in order 
to produce the complex, three-dimensional geometry. The 
process chain is complemented by the realization of suitable 
clamping concepts and the application of ablation (PeP) and 
blasting processes to achieve a biocompatible surface texture.
The PeP was applied for burr removal; the process was 
controlled precisely to smoothen the part surface without 
geometrically modifying it (Figure 6). The hemispherical 
features with dimensions of 50µm diameter were not 
damaged.
Figure 5 - Ti micro implant, after milling in batch (left), SEM (right) [IWU]
Figure 4 - Plasma electrolytic polishing of dental parts [BTE]
Figure 2 - CoCr knee cap, partially plasma electrolytical polished [BTE]
Figure 3 - Ti6Al4V part, investment cast (left), electropolished (center), 
plasma electrolytical polished (right) [BTE]
Figure 6 - Ti micro implant after milling (left) and after PeP (right) [IWU]
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Subsequently, the PeP process was applied for the next 
generation of tympanic implants; with a polishing time of 
only W3H3V the kinematic roughness of the micro milling 





Although large scale and long term evaluation need to be 
conducted, existing investigation results suggest that the 
Plasma electrolytic Polishing has no adverse effect on cell 
life. In tests of stainless steel parts before and after PeP, 
conducted by Innovent e.V., no significant cell mortality 
could be observed (Figure 8).  
 %DFWHULDJURZWK
To investigate the influence of PeP on plaque bacteria 
growth in dental applications, experiments have been 
conducted at BTE. Within a joint research project, patients 
have been wearing two equal dental corona-like test parts; one 
each without and with plasma electrolytic treatment. The parts 
have been individually adapted to fit the person’s teeth and 
inserted by a dentist; they were removed again after two days 
and analyzed by applying coloring agents. The results clearly 
show a much higher plaque concentration on non-polished 
parts, whereas on PePed parts the plaque was limited to inside 
areas or difficult to reach niches. Furthermore, the surface 
texture was much smoother and more homogenous on the 
PePed parts. Figure 9 shows two parts after coloring; the 
magenta color represents plaque. On the untreated part it is 
visible on the outside, too (left picture).
5. Conclusions and outlook
Plasma electrolytic Polishing or PeP is a promising 
technology to create surfaces which are suitable for 
biomanufactured parts. As no shaped tool is needed and the 
removal rates can be precisely controlled it is especially 
applicable to complex shaped objects, where it promises 
shorter production times and higher quality than existing 
methods. 
While it has been evaluated for conventionally produced 
(cast, milled, forged etc.) parts, investigations into its 
feasibility for additively manufactured parts need to be 
extended, especially considering the material composition and 
initial roughness values.
Although PeP was successfully applied to typical 
biocompatible materials, further investigations into optimum 
electrolyte composition and parameter optimization need to 
take place in order to adjust the process for the best results. 
This will be a main part of the future work.  
6. Acknowledgements
Parts of this work have received funding from the German 
Ministry of Economy and Technology (BMWi) in the PRO-
INNO II scheme under grant number KF0017406UK7 and the 
German Federal Ministry for Education and Research 
(BMBF) under grant number 01EZ0750. 
References
[1] John E. Davies, Elnaz Ajami, Rahim Moineddin, Vanessa C. Mendes, 
The roles of different scale ranges of surface implant topography on the 
stability of the bone/implant interface, Biomaterials, Volume 34, Issue 
14, May 2013, Pages 3535-3546, ISSN 0142-9612, 
http://dx.doi.org/10.1016/j.biomaterials.2013.01.024. 
[2] Orrett E. Ogle, Implant Surface Material, Design, and Osseointegration, 
Dental Clinics of North America, Volume 59, Issue 2, April 2015, Pages 
505-520, ISSN 0011-8532, http://dx.doi.org/10.1016/j.cden.2014.12.003. 
[3] Sebastian Bauer, Patrik Schmuki, Klaus von der Mark, Jung Park, 
Engineering biocompatible implant surfaces: Part I: Materials and 
surfaces, Progress in Materials Science, Volume 58, Issue 3, April 2013, 
Pages 261-326, ISSN 0079-6425,
http://dx.doi.org/10.1016/j.pmatsci.2012.09.001.
[4] Ricardo Tejero, Eduardo Anitua, Gorka Orive, Toward the biomimetic 
implant surface: Biopolymers on titanium-based implants for bone 
regeneration, Progress in Polymer Science, Volume 39, Issue 7, July 
Figure 7 - Ti micro implant after milling (left) and PeP (right) [IWU]
Figure 8 - Fluorescence microscopy on stainless steel surfaces (left: before 
PeP; right: after PeP; t=1d; living cells shine green, dead cells orange)
[Innovent]
Figure 9 - Color test on dental implants after two days use (left: untreated, 
right: plasmaelectroyltically polished). Magenta color shows plaque
87 Henning Zeidler et al. /  Procedia CIRP  49 ( 2016 )  83 – 87 
2014, Pages 1406-1447, ISSN 0079-6700, 
http://dx.doi.org/10.1016/j.progpolymsci.2014.01.001. 
[5] F. Hashimoto, D.B. DeBra, Modelling and Optimization of Vibratory 
Finishing Process, CIRP Annals - Manufacturing Technology, Volume 
45, Issue 1, 1996, Pages 303-306, ISSN 0007-8506, 
http://dx.doi.org/10.1016/S0007-8506(07)63068-6. 
[6] Anselm Kuhn, The electropolishing of titanium and its alloys, Metal 
Finishing, Volume 102, Issue 6, June 2004, Pages 80-86, ISSN 0026-
0576, http://dx.doi.org/10.1016/S0026-0576(04)82510-8.
[7] Klaus Lingath, Hubert Zeidler, Alexander Parshuta, Verfahren zum 
Plasmapolieren von Gegenständen aus Metall und Metalllegierungen. 
German Patent DE 10207632 B4, 2002
[8] Zeidler, H.; Meyer, W.; Loeser, C.; Adamitzki, W.; Nestler, K.: Changes 
on Surfaces of Electrodes in Aqueous Electrolytic Solutions at High 
Voltages, In:  The 9th International Symposium on Electro Chemical 
Machining Technology INSECT 2013, Chemnitz, November 12 – 13, 
2013, Proceedings, ISBN: 978-3-942267-95-3 
[9] Schubert, A., Filiz, S., Eckert, U., Pinternagel, S., Ozdoganlar, B., 2010, 
An Investigation of Micro-Machining Parameters for Fabrication Ear-
Implants from Titanium, The 5th International Conference on 
MicroManufacturing ICOMM/4M, 369-372.
